This paper describes a high pulse repetition frequency Nd:YAG twisted-mode laser that uses an RTP crystal as the electro-optic Q-switch. Stable single-longitudinal-mode laser beams at 1, 5, and 10 kHz were obtained with a linewidth less than 0.1 GHz. Under an incident pump power of 7.5 W and a PRF of 10 kHz, the maximum output power of the single-longitudinal-mode laser was 1.19 W. The corresponding conversion efficiency, single pulse energy and pulse peak power were 15.8%, 119 μJ, and 2.5 kW, respectively.
INTRODUCTION
Single-longitudinal-mode (SLM) lasers have widespread applications in fields such as lidar, optical communications, data storage, and high-resolution spectroscopic analysis. Usually, multilongitudinal-mode lasers oscillate in a common standing wave cavity due to the spatial hole burning in gain medium. Some techniques were used to generate SLM Lasers, for example, using a twisted-mode (TM) cavity [1] [2] [3] [4] or a ring cavity [5] [6] [7] to eliminate the spatial hole-burning in gain medium, inserting etalons or gratings in cavity to depress other longitudinal-mode gain [8] [9] [10] [11] , microchip lasers [12] [13] [14] , doublecavity lasers [15, 16] , and injection-seeding lasers [17, 18] . Compared with other technologies, using a TM cavity is a simple, useful way to obtain SLM lasers. In this technology, a pair of quarterwave plates (QWPs) on both sides of the gain medium was used to keep forward-propagation and backwardpropagation orthogonally, circularly polarized lights traveling in the gain medium. When the forward-propagation and backward-propagation lights are added together, the total energy density is spatially uniform along the rod. In other words, there is no spatial hole burning along the gain medium in a TM cavity.
Besides narrow linewidth, a pulse laser operated at a high pulse repetition frequency (PRF) also is beneficial for applications such as Doppler wind-field mapping, global monitoring from space, and high precise space techniques. Electro-optic Qswitching technique is an effective way to obtain high PRF and high-energy laser pulses. The traditional electro-optic crystals such as DKDP, LiNbO 3 , and KTP are unsuitable for high PRF lasers because of their limitations. A new electro-optic material, RbTiOPO 4 (RTP) crystal, possesses high resistance to optical damage (∼1 GW∕cm 2 for 1 ns pulses at 1064 nm), good optical transparency (about 400 nm ∼4 μm), higher electro-optic effect, and no hygroscopicity. In particular, because the RTP crystal has a low piezo-electric effect [19] [20] [21] [22] , it can be used to obtain a high repetition frequency laser pulse. However, to our knowledge, there is no report about a RTP actively Q-switched Nd:YAG TM laser.
In this paper, we have reported on a high PRF SLM Nd:YAG laser. By using a TM cavity and a RTP electro-optic Q-switch, we obtained stable SLM laser pulses with linewidths less than 0.1 GHz. Under an incident pump power of 7.5 W and a PRF of 10 kHz, the produced SLM laser average output power was 1.19 W, and the pulse width was 47.6 ns. The corresponding conversion efficiency, single pulse energy, and pulse peak power were 15.8%, 119 μJ, and 2.5 kW, respectively. Figure 1 shows the schematic of the diode-pumped RTP actively Q-switched Nd:YAG TM laser. We used an 808 nm fiber coupled commercial LD (Jenoptik) as the pump source. The fiber has a core diameter of 600 μm and an NA of 0.22. M1 was a dichroic concave mirror with a radius of curvature (ROC) of 1000 mm. It has high reflection (HR) coating at 1064 nm (R > 99.8%) and HT coating at 808 nm (T > 95%). M2 was a plane mirror with a transmission of 17.8% at 1064 nm. The total cavity length was 183 mm. We used a piece of Nd:YAG crystal with dimensions of φ3 × 10 mm 2 and 1.0-at.% Nd-doping concentration as the gain medium. The crystal was high transmission (HT) coated at the pump and laser wavelengths. The crystal was wrapped with indium foil and mounted in a water-cooled copper block where the temperature was maintained at 19°C throughout the experiment. We used a Brewster plate to make sure the oscillating polarization direction was horizontal. A pair of zero-order QWPs (QWP1 and QWP2) at 1.06 μm was put on both sides of the Nd:YAG crystal. The principal axes of the QWPs were oriented with their fast axes perpendicular to each other and at 45°to the oscillating polarization direction.
EXPERIMENTAL SETUP
A RTP Pockels cell (Leysop Ltd.) and the QWP3 composed the high repetition rate voltage-increased electro-optical Qswitch. The principal axes of the QWP were oriented at 45°t o the oscillating polarization direction. When no voltage was applied on the RTP crystal, the horizontally polarized light would be changed to vertically polarized light after two passes through QWP, resulting in a high cavity loss, and no light output. When the Pockels cell was biased to its quarter-wave voltage at 1064 nm, the polarization direction was not changed after two passes through QWP, and a vertically polarized Q-switched laser pulse was produced.
EXPERIMENTAL RESULTS AND DISCUSSION
First, the three QWPs and Q switch were not inserted into the cavity, and the laser was operated in common standing-wave mode. Multilongitudinal-mode oscillations were observed for the spatial-hole burning in the Nd:YAG crystal. The achieved laser spectral width was measured to be 0.2 nm. To eliminate the spatial-hole burning in Nd:YAG crystal, a pair of zero-order QWPs (QWP1 and QWP2) was inserted on the both sides of the Nd:YAG crystal. The principal axes of the QWPs are oriented with their fast axes perpendicular to each other and at 45°t o the oscillating polarization direction. With the twisted mode cavity, the spatial-hole burning was suppressed, and a singlelongitudinal-mode laser was achieved. Moreover, vibrationinduced deformation is a significant factor that affects the stability of the optical system. Mode hoping and the instability of the output power have been observed with a common optical table. To reduce the effects, an anti-vibration optical table was used throughout the experiment.
We monitored the longitudinal mode with a scanning Fabry-Perot interferometer (Burleigh) with a free spectral range of 15 GHz. According to the cavity length, the frequency spacing of two adjacent longitudinal modes in the cavity was calculated to be 0.8 GHz. Figure 2(a) shows the CW output spectrum of the SLM laser, and we observed a single longitudinal mode laser spectrum. We measured the output power using a power meter (Molectron PM10) connected to Molectron EPM2000. We obtained an output power of 2.6 W with a pump power of 12.1 W. The corresponding efficiency was 21.5%.
To realize the Q-switched laser operation, the RTP crystal and the QWP3 were inserted into the cavity. Figure 2(b) shows the output spectrum, which indicated the Q-switched laser was under SLM operation. The laser linewidth was measured with a super-precision wavelength meter (HighFinesse WS7). As shown in Fig. 3 , the laser wavelength in vacuum was 1064.48 nm, and the linewidth was less than 0.5 pm (0.1 GHz). Figure 4 shows the input-output relationship of the laser operation at different repetition frequencies. When the pump power was above the threshold, actively Q-switched SLM laser was obtained. The average output power increased with the pump power at the same PRF. Nevertheless, the gain can allow more than one longitudinal mode to oscillate when the pump power was large enough. In the experiment, we observed a multilongitudinal-mode when the pump power was above 4.8 W at 1 kHz, 5.7 w at 5 kHz and 7.5 W at 10 kHz, respectively. Figure 2(c) shows a two-longitudinal-mode laser spectrum recorded at a pump power of 8.1 W and a PRF of 10 kHz. At a pump power of 7.5 W and a pulse repetition rate of 10 kHz, a maximum average output power of 1.19 W was obtained under the single-longitudinal-mode operation. The corresponding conversion efficiency, single pulse energy, and pulse peak power were 15.8%, 119 μJ, and 2.5 kW.
The pulse traces were recorded with a fast photodetector connected to a digital oscilloscope (Agilent, DSO90804A). Figure 5 gives the relationship between the pulse duration and the incident pump power at the PRFs of 1 kHz, 5 kHz, and 10 kHz, respectively. As shown in Fig. 5 , the pulse durations decreased with the pump power, and increased with the PRF. Under different pump powers and PRFs, the pulse durations were from 30 to 90 ns. Figure 6 shows a typical pulse trace with a pump power of 7.5 W and a PRF of 10 kHz. The SLM Q-switched pulse profiles are smooth without any modelocked spikes, which indirectly demonstrate the generating of SLM laser. The SLM pulse duration was 49.1 ns. 
CONCLUSION
In summary, we demonstrated a diode-pumped RTP electrooptical Q-switched Nd:YAG laser with a twisted-mode cavity. The SLM laser with a linewidth less than 0.1 GHz was obtained at PRFs of 1 kHz, 5 kHz, and 10 kHz, respectively. At a pump power of 7.5 W and a PRF of 10 kHz, the maximum SLM output power of 1.19 W was obtained with a pulse duration of 47.6 ns. The corresponding conversion efficiency, single pulse energy, and pulse peak power were 15.8%, 119 μJ, and 2.5 kW, respectively.
